INTRODUCTION
Congenital nephrotic syndrome of the Finnish type (CNF; NPHS1, MIM 256300) is an autosomal recessively inherited kidney disease. This disorder is relatively prevalent in Finland, where the incidence is approximately 1 in 8200 live births. 1 It has been diagnosed worldwide, although with lower frequency. The highest incidence has been reported among the Old Order Mennonites in Lancaster County, Pennsylvania, reaching 1 in 500 live births. 2 Affected children are often born prematurely with an enlarged placenta weighing more than 25% of the baby's birth weight. Nephrotic syndrome (NS) is detected before the age of 3 months but usually within the first week of life. NS manifests with massive proteinuria resulting in severe hypoalbuminemia and generalized edema. Other signs include abdominal distention, umbilical hernias, and widened sutures and fontanelles. Kidney transplantation is the only definitive treatment for CNF, and it is usually performed at the age of 1 to 2 years. 3 Mutations in the NPHS1 gene, encoding nephrin, were found to be responsible for CNF. 4 Thus, more than 80 different mutations have been described, making prenatal DNA diagnosis possible in families with known disease-causing mutations. Nephrin is expressed in the slit diaphragm joining the podocyte foot processes and is the critical component in the glomerular filtration barrier. 5 In this study, we identified three novel NPHS1 mutations in a highly inbred community.
PATIENTS AND METHODS

Patients
This cohort consisted of 12 affected patients: two pregnancies had been terminated, three infants died as a result of CNF during early infancy, and the only two children who survived had dissimilar phenotype. Another five infants diagnosed with CNF died shortly after birth and before this study. Their DNA samples were unavailable. All the nuclear families live in a village near Jerusalem, in which most of the inhabitants are descendants of a single Arab-Muslim family who settled in this site approximately 250 years ago. The village kept its genetic isolation by preference of consanguineous marriages. Demographic and genetic data on individuals born in the village were collected through interviews and entered into a computer database (Reunion, Leister Production Inc., Mechanicsburg, PA). The data included had been verified by interviews of many of the village elders. As not all family connections have been elucidated, it was only possible to define the relationships to an extent that enabled us to cluster all the individuals involved into two pedigrees. These two pedigrees are clearly also related to each other in a way that has not yet been disclosed, and for that reason, Figure 1 certainly underestimates the complexity of consanguinity in this isolate. Several autosomal recessive diseases, including cystic fibrosis and primary hyperoxaluria type 1, are also prevalent in this village. 6, 7 The study was approved by the Ethical Committee of the Shaare Zedek Medical Center in Jerusalem, Israel.
METHODS
Marker genotyping
Genomic DNA was isolated according to standard laboratory protocol from fresh peripheral blood samples or amniotic fluid, using conventional molecular biology techniques. Seventeen DNA samples were genotyped by D19S610, D19S608, D19S224, and D19S220 microsatellite markers (www.gdb. org). Genotypes were not obtained for two individuals (IV:5 and V:8, Fig. 1 , Pedigree A). One primer in each polymerase chain reaction (PCR) reaction was end-labeled with 32 P, and the PCR products were run on polyacrylamide gel electrophoresis. After gels were autoradiographed overnight on x-ray films, alleles were scored visually.
Sequencing
All 29 exons of the NPHS1 gene were amplified by PCR with flanking intronic primers, and the reactions were performed in total volumes of 25 l as described previously. 8 Exons 12 to 13 required a denaturation temperature of 98°C and the addition of betaine to the reaction mixture. PCR products were enzymatically purified using shrimp alkaline phosphatase and Exonuclease I (Amersham Pharmacia) and bi-directionally sequenced with BigDye Terminator chemistry (v.3.1) on 3730 DNA Analyzer (Applied Biosystems). Sequences including intron-exon splice sites were analyzed by GeneComposer version 1.1.0.1051.
Nephrin expression
Immunoperoxidase staining was performed according to Patrakka et al. 9 In this study, renal samples from patient IV:13 ( Fig. 1 , Pedigree B) and a healthy control were stained using polyclonal antibody directed against the intracellular part of nephrin.
RESULTS
When mapping of the CNF-causing gene (NPHS1) was first reported, we attempted to determine the pathogenic role of this gene in our patients with CNF. This was done by looking for homozygosity in the region delineated in Finland. The markers used for homozygosity mapping were D19S610, D19S608, D19S224, and D19S220, which are known to be in linkage disequilibrium with the NPHS1 gene. 4 All markers were located distally to the NPHS1 gene with the following distances: NPHS1 -3.7 kb -D19S610 -117 kb -D19S608 -64 kb -D19S224 -1.9 Mb -D19S220. The analyzed markers did not flank the NPHS1 gene, but D19S610 locates very close to the 5=-end of NPHS1, and recombinations were never observed between NPHS1 and D19S610 when these markers were analyzed in the Finnish patients with CNF 4 and patients with Polycystic Lipomembranous Osteodysplasia with Sclerosing Leukoencephalopathy (PLOSL). 10 Because we assumed one single mutation was the cause of CNF in this highly inbred community, the different haplotypes observed led us to conclude that the disease-causative gene in our patients is mapped to a different locus. The observed haplotypes are shown in Figure 1 .
Later, when another affected child was born in the village (IV:13 in Fig. 1, Pedigree B) , the NPHS1 antibody staining was available, and it demonstrated that nephrin expression was completely absent in his kidney biopsy (Fig. 2) . This finding directed us to perform sequencing of the entire coding region of NPHS1 in the DNA samples of patients and their parents. This analysis showed that there are three novel mutations in this cohort: c.1138CϾT, c.2160_2161insC, and c.1707CϾG. All three mutations segregate with the disease in these families. Patients were found to be either homozygous or compound heterozygotes (Fig. 1) . The c.2160_2161insC mutation leads to a frameshift at cysteine 721 resulting in a stop codon at amino acid 725 (Cys721fs). The c.1138CϾT mutation causes a stop codon at amino acid 380 (p.Gln380X), also leading to truncation of the protein. The third mutation is c.1707CϾG, resulting in the substitution of serine to arginine in position 569 (p.Ser569Arg). This mutation was found in the affected fetus IV:4 and his mother III:3 (Fig. 1, Pedigree B) . No further changes were observed when all the exons and intron-exons boundaries were sequenced, suggesting that Ser569Arg is an additional disease-causing mutation in this family. Although the PolyPhen analysis (coot.embl.de/PolyPhen/) predicted that this change might be rather benign, patient IV:3 (Fig. 1 , Pedigree B) died as a result of typical CNF, suggesting that nephrin function was deranged. Unfortunately, we could not analyze the DNA of patient IV:3, but it can be assumed that she carried the same mutations as the affected fetus (IV:4) in the very same family. Because serine is a small hydrophilic polar amino acid, whereas arginine is a much bigger hydrophilic base, it is possible that the abnormal function of nephrin in this case may be attributable to the size difference, leading to an Misleading findings of homozygosity mapping aberrant folding of nephrin. Furthermore, the fact that serine 569 is conserved among species points to the important role that this amino acid plays in nephrin function. This mutation was not detected in 40 healthy unrelated individuals from the same ethnic background. The p.Ser569Arg mutation was only recently introduced into this isolate, with the marriage of a female carrier from Jerusalem to a man from the village. The other two mutations have been present in the village for a longer period of time and are widely spread among the inhabitants. Analysis of the family data suggests that both mutations occurred in two branches of the pedigrees at least six generations (120 years) ago. Fig. 1 . Pedigrees of two families (A, B) from an inbred community with several members affected with CNF. Different haplotypes were determined using the markers: cen-D19S610-D19S608-D19S224-D19S220-qter. The 5=-end of the NPHS1 gene is proximal to, and located only 3.7 kb from, D19S610. The three novel mutations detected later are shown first in order within the haplotype. The carrier state of patients' siblings is not marked as the mutation analyses have not included these individuals. n.d., not determined.
When comparing the observed haplotypes with the identified mutations, it can be concluded that the haplotypes 3-3-6-1 and 3-4-nd-1 represented the Cys721fs mutation. Allele 4 of D19S608 most probably results from allele mutation, although double recombination cannot be excluded, even if recombinations in this region are very infrequent. Two haplotypes, 5-10-7-4 and 5-3-nd-4, stood for the Gln380X mutation, and the difference in the haplotypes is the result of historical recombinations in an original haplotype. The haplotype 3-10-nd-1 denoted the Ser569Arg mutation.
Variability in phenotype was encountered in two affected individuals who survived. The remaining five affected patients included two pregnancies that had been terminated and three babies who died during early infancy. The p.Gln380X homozygote (IV:13 in Fig. 1 , Pedigree B) required daily albumin infusion until he was 2 years old, when a bilateral nephrectomy was performed, followed by a successful living donor renal transplantation. He has not experienced post-transplantation nephrotic syndrome. The compound heterozygote [(p.Gln380X/ p.Cys721fs) (V:8 in Fig. 1, Pedigree A) ] was weaned from albumin infusions at the age of 18 months. His renal function gradually deteriorated until he reached end-stage renal failure at the age of 3.8 years. He has been treated with chronic hemodialysis and is awaiting kidney transplantation. Neither of the patients responded with decreasing proteinuria to treatment with ACE inhibitors.
After the detection of these three mutations in NPHS1, we initiated targeted screening in the village. Our preliminary results show that, of the 116 individuals analyzed, 13 are carriers of the p.Cys721fs mutation, and one was found to carry the p.Gln380X mutation.
DISCUSSION
Homozygosity mapping provides a rapid and efficient means of mapping autosomal recessive genes in consanguineous families and genetically isolated populations by identifying chromosomal regions that show homozygous identity-by-descent segments in numerous samples. 11 Several mechanisms may have accounted for loss of homozygosity in an inbred isolate like that reported herein, which could lead to the false conclusion that the studied disorder is not mapped to a known genetic locus. The first mechanism involves the occurrence of allelic heterogeneity within a consanguineous community and would result in loss of homozygosity in flanking markers and failure to detect linkage. In this study, we found three novel mutations in the NPHS1 gene encoding nephrin and causing CNF in a highly inbred Arab village. Because of the different mutations, several haplotypes were observed in the initial haplotype analysis, resulting in the erroneous conclusion that there was genetic heterogeneity in recessive congenital nephrotic syndrome. Similar examples of multiple rare mutations in an inbred population, which resulted in loss of homozygosity, were described among the Amish community involving the thyroid peroxidase gene as well as nephrin. 2, 12 It was also noted in consanguineous families from North America with the enhanced S-cone syndrome. 13 Another option is genetic heterogeneity when several different genes are responsible for an identical phenotype. CNF is a heterogeneous group of clinical entities: some are of genetic etiology and others are not. There are at least two distinct recessive disorders that may present with CNF: mutations in NPHS1 encoding nephrin or NPHS2 encoding podocin. 14, 15 There may even be a di-genic inheritance of NPHS1 and NPHS2 mutations that result in a "tri-allelic" disorder, in which an infant is homozygous for a mutation in one gene and carries a mutation in the other. 16 Analyzing DNA samples from a phenotypically identical but genetically heterogeneous group of patients would have resulted in failure of homozygosity mapping. The third proposed explanatory mechanism that we initially considered is that DNA samples from fetuses diagnosed based on increased ␣-fetoprotein were analyzed together with those of live-born affected individuals. Several years after the cloning of nephrin, it was discovered that fetuses that are heterozygotes for a mutation in NPHS1 have abnormal renal histological findings and increased ␣-fetoprotein concentrations in maternal serum and amniotic fluid that are indistinguishable from truly affected individuals. 17 If some of the patients diagnosed prenatally were in fact carriers of a mutation in NPHS1, it would explain that they were not homozygous in the first mapping. This possibility was later ruled out because the affected fetuses were indeed either homozygous for one of the mutations or compound heterozygotes. Fig. 1, Pedigree B) . B, Normal staining pattern in glomeruli of a normal individual. Original magnification ϫ200.
The infant who was a compound heterozygote for the mutations (p.Gln380X/p.Cys721fs; V:8 in Fig. 1 , Pedigree A) had a milder disease course compared with the homozygote for the mutation (p.Gln380X, IV:13 in Fig. 1, Pedigree B) . It is unclear whether phenotypic variability is attributable to the causative mutation. The fact that so-called monogenic diseases may not show consistent relationships between mutant genotype and phenotype is well established. 18, 19 In Malta, there is wide phenotypic variability in CNF, ranging from patients who die of the disease in infancy to children (often girls) with mild proteinuria at the age of 19 years, all of whom are homozygous for the p.Arg1160X founder mutation in NPHS1. 16 None of the carriers in our cohort had proteinuria or compromised renal function.
In this article, we described an Arab village that has kept its genetic isolation for approximately 250 years by preference of consanguineous marriages. One would expect a single founder mutation to be responsible for the high frequency of the rare, recessive CNF. Instead, three novel mutations in NPHS1 were detected. The phenomenon of multiple mutations in rare recessive disorders among the Arab population in Israel has been previously noted. 7, 20, 21 Several possible explanations have been proposed to delineate the responsible mechanism. Spontaneous mutations occur constantly in all genes, but they are only detected through the change in phenotype they cause. Theoretically, even if the de novo mutation rate is normal, a new deleterious recessive allele will likely become homozygous because of the high rate of consanguinity. Alternatively, there may be a higher mutation rate, which will obviously lead to a significant number of affected individuals. Finally, there may be a yet unidentified advantage to the heterozygote that is combined with the unique structure of the community involving high consanguinity and large families. The possibility that either one of the two more common mutations in nephrin was introduced into the village from another isolate cannot be excluded. In fact, the rarest of the three mutations originated from an unrelated family from Jerusalem. The mutations we describe are novel and have not been reported in other Arab communities in Israel or in neighboring countries.
